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STRENGTH OF STIFFENED PLATES WITH OPENINGS 
by M. Mahendran*, N.E. Shanmugam** and J.Y. Richard Liew** 
Summary 
The load-deflection and ultimate strength behaviour of longitudinally stiffened plates with 
openings was studied using a second-order elastic post-buckling analysis and a rigid-plastic 
analysis. The ultimate strength was predicted from the intersection point of elastic and rigid-
plastic curves and the Perry strut formula. Comparison with experimental results shows that 
satisfactory prediction of ultimate strength can be obtained by this simple method. Effects 
of the size of opening, the initial geometrical imperfections and the plate slenderness ratio on 
the strength of perforated stiffened plates were also studied. 
1. Introduction 
Longitudinally stiffened plates are used in the flanges of box-girders, ship double-bottoms 
and aircraft wing structures, in which the stiffeners may be either of the open type or of the 
closed type. They often contain circular or square openings for the purpose of services and 
inspection. The elastic and ultimate load behaviour of such perforated stiffened plates are 
significantly affected by the introduction of openings. The effect of openings should be 
adequately represented in the analysis so that the ultimate strength of these stiffened plates 
could be determined accurately. 
In this investigation, stiffened plates with centrally located square openings were considered. 
Stiffened plates of different bit ratios with square openings of different sizes were tested to 
failure under axial compression. It is knoWn that stiffened plate failure is initiated by either 
local buckling of the plates or by the stiffener buckling or yielding (in tension) or by overall 
buckling of the stiffened plate panel (Shanmugam et al., 1986). In this investigation 
stiffened panels with stocky stiffeners were chosen so that failure was initiated by local 
buckling of the plates. 
Current methods of studying the perforated stiffened plates are usually based on simplified 
methods. Analytical behaviour of the stiffened plates was studied using second-order elastic 
analysis using Narayanan and Chow's (1984) approach which uses Horne and Narayanan's 
(1976) equations with appropriate buckling stresses for perforated plates. Rigid-plastic 
unloading curves were obtained for the observed plastic mechanisms in each case based on 
Murray (1984a). Improved formulae for reduced plastic moment capacity of indined yield 
lines based on Mahendran and Murray (1990) were considered in the rigid-plastic analysis. 
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Once the strength of the perforated plate component was determined, Perry strut formula 
(BSI, 1987) was used to determine the column strength of the perforated stiffened plate. This 
paper presents the details of the analytical and experimental methods used and their results. 
2. Theoretical Investigation 
2.1 General 
Perforated stiffened plates can be analysed using exact theoretical methods or non-linear 
elastic-plastic finite element programs. However, such an approach will involve excessive 
computer time and resources, particularly when stiffened plates with different size holes and 
imperfections have to be modelled. Although the method used in this investigation is 
approximate, it is a simple method capable of providing reasonably accurate estimates of the 
ultimate strength without having to make complex computations as in a finite element study. 
2.2 Elastic Buckling Load 
Elastic buckling behaviour of thin plated structures has been well researched in the past, and 
there are a number of methods available to determine the buckling loads, namely, energy 
methods, finite strip method and finite element method. Elastic buckling solutions are 
readily available for a range of plated structures (Bulson, 1980). However, such solutions 
for perforated plates are limited. Sabir and Chow (1983) and Chow and Narayanan (1984) 
used a finite element procedure to conduct a systematic series of studies resulting in the 
buckling load solutions for simply supported plates containing circular or square openings 
subjected to uniaxial or biaxial compression or shear. Yu and Davies (1971) and Ritchie and 
Rhodes (1975) also obtained buckling solutions for simply supported plates with centrally 
located square and circular openings under axial compression. Results from such buckling 
studies are generally expressed using the following equation. 
(1) 
where O'er is the elastic local buckling stress of a plate with width b and thickness t 
E is the Young's modulus and v is the Poisson's ratio and 
K, the buckling coefficient, is 4 for simply supported plates. 
The same equation can be used for plates with openings where K will now be the reduced 
buckling coefficient due to the presence of opening. 
Table 1. Buckling Coefficient for Simply Supported Plates with Square Openings 
Size of Opening 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
b'/b 
Buckling Coefficient 4.00 3.75 3.40 3.15 3.05 3.03 3.01 3.00 
K 
In this investigation the ultimate strength of perforated stiffened plates with stocky stiffeners 
was studied. The failure was initiated by the local buckling of plates with centrally located 
square openings of different sizes, and thus the ultimate strength will depend on this 
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buckling load. The required K values for this investigation were obtained from Chow and 
Narayanan (1984) for a perforated plate of width b which has a square opening of b' (see 
Table 1). As seen in Table 1, the buckling coefficient reduces rapidly with increasing size of 
opening up to a b'/b of 0.3, but only gradually after that. 
2.3 Second-order Elastic Post-buckling Analysis 
Theoretical post-buckling analysis developed by Horne and Narayanan (1976) for axially 
loaded stiffened panels is used in this investigation. They used an energy method to derive 
approximate solutions for a uniaxially compressed imperfect plate which is simply suppo11ed 
at all edges. Longitudinal edges were modelled as 'restrained-in-plane' so that stiffened 
plates with stocky longitudinal stiffeners at regular intervals are modelled adequately. In 
their analysis, an approximately square plate (sides a and b) with an initial geometrical 
imperfection w 0 defined by the following equation was considered. 
Wo = do sin (me/a) sin (ny/b) (2) 
where do = initial imperfection at the centre of the plate 
simply supported edges 
Figure 1. Buckled Plate 
The thin plate between the stocky stiffeners was considered to buckle in a series of half 
wavelengths (a) as shown in Figure 1, with the deflected form being similar to the initial 
imperfection given by Equation (1). The out-of-plane deflection w is given by the same 
equation with d being the out-of-plane deflection at the centre. The buckled plate has reserve 
strength beyond the buckling load, but the stiffness will be reduced. The compressive stress 
distribution across the width of the plate will not be uniform after buckling. The edge strips 
carry more load than the central strips. The compressive stresses are thus redistributed 
across the width of the plate with maximum intensity at the edges (Murray, 1984a). Horne 
and Narayanan (1976) derived the following equation for this non-uniform longitudinal 
stress distribution across the width of the post -buckled plate. 
(3) 
The above equation was developed only for stiffened plates without openings. However, 
Narayanan and Chow (1984) suggested that the same equation can be used to determine the 
longitudinal stress at the loaded edges of the perforated stiffened plates provided the elastic 
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buckling stress of the perforated plates O"cl is used in the equation. The total applied load 
can be obtained by integrating equation (3) across the entire width, and thus the average 
stress O"ave across the plate can be found. The next equation gives the average stress. 
(4) 
In this investigation Equation (4) was used to obtain the elastic post-buckling load-deflection 
curves of the perforated stiffened plates. Elastic curves were first obtained for the perforated 
stiffened plates for which the experimental strength values are known (see Section 3 later). 
Figure 2 shows the elastic curves for perforated stiffened plates with plates having a bIt ratio 
of 65 and b'/b of 0.45 whereas Figure 3 is for bIt ratio of 105 and b'/b of 0.2, 0.4, 0.6, and 
0.7. In both cases an initial imperfection dolt of 0.1 was assumed. 
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Figure 2. Load-deflection Curves for Perforated Stiffened Plates 
with bIt = 65, b'/b = 0.45 and dJt = 0.1 



























Out of Plane Deflection 
Figure 3. Load-deflection Cur\,!!s for Perforated Stiffened Plates 
with bIt = 105, b'/b = 0.2, 0.4, 0.6, 0.7 and I:!.Jt = 0.1 
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It was considered that once the analytical results have been validated against the 
experimental results, the effect of opening size b'lb, initial geometric imperfections !J.Jt, and 
bit ratio on the ultimate strength of perforated stiffened plates can be studied using the 
simple analytical methods used in this investigation. Figures 4, 5 and 6 present the elastic 
post-buckling curves for a range of parameters bit, b'/b and !J.Jt. 
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Figure 4. Effect of the Size of Opening on the Load-deflection Curves for 
Perforated Stiffened Plates with bit = 60 and !J.Jt = 0.1 



















Out of Plane Deflection 
Figure S. Effect of Initial Imperfections on the Load-deflection Curves for 
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Figure 6. Effect of bIt Ratio on the Load-deflection Curves for 
Perforated Stiffened Plates with b'/b = 0.3 and !l.Jt = 0.1 
2.4 Rigid-plastic Analysis 
Murray (1984a) presents the basic rigid-plastic theory applied to thin-walled structures. 
Rigid-plastic analysis of thin-walled structures is based upon the geometry of the local 
plastic mechanisms observed in the laboratory experiments. Figure 7 shows the idealised 
geometry of the local plastic mechanism observed in the experiments on perforated stiffened 
plates under uniaxial compression. 
rX 
~ A.L. .{. ,j, t !. " J.. B 
~ 8 




J) I'---:-__ -=b~ ____ ~ c: 
tt1'1''t t 
4)( 
Figure 7. Idealised Local Plastic Mechanism for Perforated Stiffened Panels 
in Axial Compression 
The idealised mechanism is relatively simple and is considered to have four yield lines AB. 
BF. CG and DH as shown in the figure. The yield lines are assumed to be inclined at 45° to 
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the direction of axial load irrespective of the size of square openings. This mechanism can 
be considered to be the roof-type mechanism observed by Mahendran and Murray (1990) for 
the plates without any openings. Basic concepts and assumptions of rigid plastic analyses 
described in Murray (1984a) were used in this analysis. The material was considered 
perfectly elastic-plastic and the segments between yield lines were considered rigid. Elastic 
deformations of the plate were ignored, and only the plastic rotation of the yield lines were 
considered. 
As seen in Figure 7, the mechanism has inclined yield lines under axial compression. For 
the rigid-plastic analysis of the mechanism, the plastic moment capacity of the inclined yield 
lines is required. -Murray (1973) has shown that when the rigid-plastic analysis of inclined 
yield lines is carried out using an eqUilibrium method, a reduced moment capacity Mp" given 
by equation (5) should be used. 
(5) 
where Mp' the full plastic moment capacity in pure bending per unit length = O"yield t2/4 
and a is the angle between the axial load and the yield line 
However, this is an approximate formula, and other researchers have developed improved 
formulae for the reduced plastic moment capacity. Davies et al. (1975) used the Tresca yield 
criterion and included the effect of shear stresses on the yield line. Murray (1984b) then 
included the effect of not only the shear stresses on the yield line, but also the normal stress 
acting on the plane perpendicular to the yield line. Tresca yield criterion was used by 
Murray (1984b) who also rectified other shortcomings in Davies et al.'s (1975) method. 
Mahendran and Murray (1990) extended Murray's (1984b) approach to combined loading of 
axial compression and shear and derived formulae for both Tresca and von Mises yield 
criteria. Zhao and Hancock (1992) carried out a refined theoretical analysis including also 
the effect of twisting moment on the inclined yield line. Zhao and Hancock (1992) pointed 
out that Murray's (1984b) approach underestimates the reduction of the plastic moment 
capacity for only the larger axial load cases. Therefore in this investigation, the reduced 
plastic moment capacity was obtained from expressions developed by Mahendran and 
Murray (1990) for reasons of simplicity and availability. 
Consider the deformed plate with the maximum out of plane deflections along the edges of 
the opening. The work expressions can be developed when the out-of-plate deformation 
increases from Al to A2. During this stage of deformation, let the average axial stress at the 
loaded edge ofthe perforated plate be O"ave' 
Using simple geometry of the mechanism, 
Angle of fold along the inclined yield lines = 2 ( A2-A1) 
Assuming a reduced plastic moment capacity of Mp per unit length for the yield lines, 
Since Mp = O"yield t2/4 x a Coefficient Cp' Internal work = 20"yield t2 Cp ( ArAl) 
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Since the corresponding shortening is (~22_~12) I 0.5 (b-b'), 
External work = (O"ave. bt) x (~i-~12) I 0.5 (b-b') = 2 O"ave. bt (~22_~12) I (b-b') 
Equating the internal and external work expressions, 
O"ave (~2+~1) = (b-b') O"yield t Cp Ib 
~ave = 0.5 (l-b'lb) t Cp I (O"ave I O"yield) (6) 
The average axial compressive stress (O"ave I O"yieldl versus out-of-plane deflection ~ave can 
be obtained from the above equation, in which Cp was obtained from the theory developed 
by Mahendran and Murray (1990). The rigid-plastic curves obtained thus have been plotted 
on Figures 2 to 6 for a number of perforated stiffened plates with different bit and b'lb ratios. 
Narayanan and Chow (1984) also observed similar local plastic mechanisms in their 
experiments on unstiffened perforated plates under axial compression, for which they used 
Davies et al.'s (1975) method. 
2.5 Prediction of Ultimate Load 
The theoretical ultimate load of the perforated stiffened plate was estimated based on the 
intersection of elastic and rigid-plastic curves in Figures 2 and 3. This method has been used 
successfully by a number of researchers in the past. Murray and his co-workers(1984a)have 
used it for axially loaded thin-walled structures, in particular for stiffened plates. Narayanan 
and Chow (1984) have used it to determine the ultimate load of axially loaded perforated 
plates and found that the method gave reliable predictions of the ultimate capacity of 
perforated plates. In this investigation this approach was extended to perforated stiffened 
plates and the length effect was accounted for by using the Perry strut formula in BS5950 
(BSI, 1987). The following procedure was used to calculate the ultimate load of perforated 
stiffened plates. 
Step 1: From the intersection point of elastic and rigid-plastic curves in Figures 2 and 3, 
obtain (O"ave I O"yield) for the perforated plate between the stocky stiffeners 
Step 2: Calculate the effective width be of the perforated plate using 
be = b (O"ave I O"yieldl where b is the plate width 
b./z b./:z. b./a b./a). 
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Step 3: The effective column cross section thus becomes a number of T -sections consisting 
of the stiffeners, the plate of width be and the overhanging parts of the plate (see 
Figure 8). Figure 8 shows the effective cross-section for perforated. stiffened plates 
with 2 and 4 stiffeners. 
For the effective cross-section calculate the total area Ae, the radius of gyration 
liex rex (= -) about the centroidal axis and the slenderness A. = Length I rex' 
Ae 
method can be used for other stiffened plates. 
Same 
Step 4: For the calculated A., determine the compressive strength crc using the Perry strut 
formula given in BS5950 (BSI, 1987). 
cr euler cr yield 
cr c = -----------
<)1+( <)12 -cr eulercr Yield) 0.5 
where <)I = O. 5{cr yield + (11 + 1) cr euler} 
cr euler = Euler strength = 1t 2 E I A. 2 
cryield = material yield strength 
11 = Perry factor = 0.0035 (1..-1..0) in which 
the limiting slenderness A. 0 = O. 2 
(7) 
Step 5: Calculate the ultimate load which is the product of crc and the total effective area of 
the stiffened plate Ae 
The above procedure was used for the tested panels and the results are given later in Table 2 
(column Pthe)' 
3. Experimental Investigation 
In order to determine the accuracy of the simplified procedure used here, the predicted 
ultimate loads were compared with available perforated stiffened plate test results. Richard 
Liew (1986) conducted axial compression tests on five large stiffened plates at the National 
University of Singapore (see Figure 9 for details). All the test specimens had an average bIt 
ratio of 65 for the plates and a length of 780 mm and all stiffeners were stocky so that local 
buckling was prevented. The measured average yield strength of steel was 310 MPa. The 
number of openings was the only parameter that was changed from no openings to three 
openings. In this investigation, the results from stiffened plates with three openings was 
compared with analytical results. 
38 
b' 




b b ~I~ b 'II~ '7\-1< b +t~ 10 Ie 
:I. 
Rels U t1"' U -th~ ts ·;U~t t~ II cis s 
Richard Liew (1986) Shanmugam et al. (1986) 
Figure 9. Details of Perforated Stiffened Panels used in the Experiments 
Shanmugam et al. (1986) also conducted a series of tests on smaller sized perforated 
stiffened plates at the National University of Singapore (see Figure 9 for details). All the 
test specimens had an average bIt ratio of 105 for the plates, a length of 130 mm and stocky 
stiffeners. There was only one opening, but the size of it was changed from 0.2 b to 0.7 b. 
The measured average yield strength of steel was 235 MPa. The Young's modulus E was 
assumed to be 200 GPa for all tested panels. The analytical results (column Pthe) are 
compared with these experimental results (column Pexp) in Table 2. Based on the observed 
local plastic mechanisms in the experiments, an idealised geometry as shown in Figure 7 
was used in the rigid plastic analysis in Section 2.2. 
Table 2. Summary of Results 
Tes b t b' bIt b'/b ds ts Psq Pexp Pthe !S> Pthe Pexp 
(mm (mm (mm (mm (mm (kN) (kN) (kN) Psq Psq Pthe 
1 100 0.95 20 105 0.2 15.4 1.60 33.95 22.72 25.37 0.67 0.75 0.90 
2 100 0.95 40 105 0.4 15.0 1.55 28.81 21.55 22.82 0.75 0.79 0.94 
3 100 0.95 60 105 0.6 16.0 1.60 25.38 21.58 22.19 0.85 0.87 0.97 
4 100 0.95 70 105 0.7 15.5 1.55 22.43 19.18 20.39 0.86 0.91 0.94 
5 135 2.1 62 65 0.4 50 5 582.8 378.0 391.9 0.65 0.67 0.97 
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4. Discussion of Results 
It could be seen that the theoretical and experimental ultimate loads of five perforated 
stiffened plates agree reasonably well (Table 2). Therefore the simple method used here 
could be used to predict the ultimate strength of perforated stiffened plates. 
Figures 2 to 6 present the load-deflection and ultimate strength behaviour of a range of 
perforated plates in stiffened panels. Both elastic post-buckling and rigid-plastic curves are 
shown in these figures. Effects of the size of opening, the magnitude of initial geometric 
imperfections and the plate slenderness ratio on these curves, and thus also on the ultimate 
strength can be seen in these figures. With the use of these results and the simple method 
outlined in this paper, the ultimate strength of other perforated stiffened plates with different 
opening sizes, plate slenderness ratios and initial imperfections can be determined. 
This investigation considered the stiffened plates with openings in all the plate components. 
However, the same method can be used when there are no openings in some plates. The 
second order elastic and rigid-plastic curves can be derived for those plates without openings 
and the intersection point can be determined in the same manner. It is to be noted that the 
local plastic mechanism for unperforated plates will be somewhat different to that observed 
with perforated plates although it will still be a roof-type mechanism (Mahendran and 
Murray, 1990), and the rigid-plastic curve has to be based on the mechanism for 
unperforated plates. Once the effective width has been determined from the intersection 
point of the curves, the ultimate load can be determined using the same steps outlined in 
Section 2.5. 
5. Conclusions 
The ultimate strength behaviour of longitudinally stiffened plates with openings under axial 
compression was studied using second-order elastic and rigid-plastic analyses and laboratory 
experiments. The ultimate strengths of stiffened plates were obtained from the point of 
intersection of the elastic and rigid-plastic curves and the Perry strut formula and compared 
with experimental results. Theoretical predictions compared reasonably well and thus 
validated the simple method used in this investigation. Effects of the size of opening, the 
initial geometrical imperfections and the plate slenderness ratio on the strength of perforated 
stiffened plates were also studied. 
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